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The blood-clotting protein von Willebrand factor (vWF) can be activated by small molecules, high
shear stress, and interactions with interfaces. It subsequently binds platelet receptor glycoprotein
Iba (GPIbo) at the surface of platelets, thereby playing a crucial role in blood clotting due to plate-
let activation, which is an important process to consider in the design of cardiovascular implants
and biomaterials used in blood-contacting applications. The influence of surfaces on the activation
and the molecular-level structure of surface-bound vWF is largely unknown. Recent studies have
indicated that when bound to hydrophobic polystyrene (PS), the A1 domain of vWF remains acces-
sible for GPIba binding. However, the detailed secondary structure and exact orientation of vVWF
Al at the PS surface is still unresolved. Here, the authors resolve these features by studying the
system with sum-frequency generation (SFG) spectroscopy. The data are consistent with a scenario
where vVWF A1l maintains a native secondary structure when bound to PS. Comparison of experi-
mental and calculated SFG spectra combined with previously reported time-of-flight secondary ion
mass spectrometry data suggests that A1 assumes an orientation with the GPIboa binding domain
oriented away from the solid surface and exposed to the solution phase. This structural information
will benefit future in vitro experiments with surface-adsorbed Al domain and may have relevance
for the design of novel blood-contacting biomaterials and wound-healing applications. Published by

the AVS. https://doi.org/10.1116/1.5056219

. INTRODUCTION

When proteins attach to a material surface, they guide
material-biological interactions and act as the interface
between the biological environment and the material.'~
When a material is in contact with blood, rapid attachment of
specific plasma proteins to the material surface® results in
the adhesion of platelets and, consequently, their activation,
which finally can lead to thrombosis.” Given sufficient time,
this process also takes place at the surface of implanted
biomedical materials such as stents, in spite of many
attempts to prevent adverse biological reactions.”” One
attempt at preventing platelet activation that has been par-
tially successful is the administration of blood thinners, but
this typically only slows down platelet activation or prevents
re-endothelialization of the material surface, leading to
delayed thrombosis events.® Platelet activation could in prin-
ciple be regulated by the control of platelet—surface interac-
tions at the molecular level. However, this strategy would
have to be based on a detailed understanding of the different
signaling pathways involved in platelet activation from circu-
lating plasma proteins and plasma proteins immobilized on a
synthetic surface.

Von Willebrand factor (vWF) is a particularly important
protein in this context. vVWF is implicated in cardiovascular
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disease,”® and the protein has been applied as an indicator of
the severity of acute cases of blood-vessel blockages.’
Multimeric vVWF is a large (>20000kDa) polymerized
aggregate of several vVWE monomers.'® The vVWF monomer
consists of subunit domains with specific functions. The Al
domain of VWF is of particular importance for platelet—
surface interactions since it can initiate the binding to the
platelet receptor glycoprotein Ibo. (GPIbar).!'™'> vWF acts as
a sensor for blood-vessel damage when circulating in the
blood. Superphysiological levels of shear stress will activate
vWF [e.g., 100 dynes/cm2 (Refs. 16-20)]. GPIba binding to
Al activates integrin and, subsequently, formation of a stable
thrombus.?' In addition, vWF can bind to exposed collagen
on injured tissue and mediate platelet adhesion even under
high shear stresses that are too high for other blood-related
proteins such as fibrinogen.***

Consequently, VWF plays a key role for the biological
response to blood-related biomaterial implants and throm-
botic response. At the same time, the interactions between
GPIbo and the A1 domain when vWF is bound to a surface
are poorly understood. It is currently debated whether the
mechanism is based on the exposure of the GPIbo binding
domain,**** destabilization of the native Al secondary and
tertiary structure,15 25227 or stretching the structure of VWF in
the blood flow and activation of catch bonds.”*' For a
better understanding of the surface interactions of A1, Tronic
et al. have used a range of complementary surface analysis
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techniques to determine the interaction of vWF with a set of
hydrophilic and hydrophobic surfaces.*” X-ray photoelectron
spectroscopy, time-of-flight secondary ion mass spectrometry
(ToF-SIMS), and near-edge x-ray absorption fine structure
data in combination with enzyme-linked immunosorbent
assay and platelet adhesion assays showed that vWF interac-
tions are strongly correlated with the surface chemistry.

A comparison of the VWF interaction with hydrophilic
glass and hydrophobic polystyrene (PS) surfaces showed that
at high flow rates (typical for blood vessel damage),
PS-adsorbed A1 mediated stronger platelet adhesion than Al
bound to glass. It was concluded that the biological function
of Al adsorbed onto PS is typical of native vWF, while the
biological impact of Al adsorbed onto glass was more
typical of alternate Al structures that retain ability to bind
specifically to platelet GPIbo, but with altered, nonnative
folding and conformation. However, while this previous
investigation provides a general picture of the protein’s
surface structure, the exact orientation and details about the
secondary structure of Al could not be obtained. For a more
detailed picture of Al, we have analyzed the surface folding
using sum-frequency generation (SFG) vibrational spectro-
scopy. SFG amide-I spectroscopy has in recent years been
developed into a tool to determine the protein secondary
structure and orientation at interfaces.”>° Owing to its
surface sensitivity, it is ideally suited to probe monolayers of
proteins at surfaces. A detailed spectral analysis can be
obtained by comparison with theoretical spectra calculated
from simulated structures® ® or previously-determined
structure data.*”*°

In this study, we have probed VWF Al on PS surfaces
because of its high relevance as a model system for hydro-
phobic biomedical surfaces. To extract structural information
from the SFG dataset, we have combined the experimental
data with theoretical spectra calculated from x-ray diffraction
data.

Il. METHODS
A. VWF A1 binding and substrate preparation

Polystyrene films were fabricated by spin-casting a 3%
solution (wt./wt. in toluene) of PS (Polymer Source Inc.)
onto one side of an equilateral CaF, prism at 3000 rpm. The
PS film was then brought into contact with a 1x phosphate
buffered saline (PBS) solution and the interface was probed
through the backside of the film. A1, generously provided by
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Miguel Cruz, was produced in E. coli containing residues
1238-1472 of mature vVWF with 12 residues at the N termi-
nus from the expression vector (MRGSHHHHHHGS).41 The
buffer was replaced by the Al solution without exposing the
PS surface to air. The concentration of the Al solution used
in this study was 0.5 mg/ml.

B. Sum-frequency generation spectroscopy

Details of the SFG setup are published elsewhere*” and
will only be briefly discussed here. In short, the visible beam
with a wavelength of 532 nm was delivered by an EKSPLA
Nd:YAG laser operating at 50 Hz, which was also used to
pump an EKSPLA optical parametric generation/amplifica-
tion and difference-frequency unit based on barium borate
and AgGaS, crystals to generate tunable infrared (IR) laser
radiation from 1000 to 4000cm™'. The bandwidth was
2cm™" for the visible pump pulses and 6 cm™" for the IR
laser. Both beams were focused at the sample with energies
of 150 and 200 wuJ per pulse for the visible and the IR beam,
respectively. The spectra were collected with 200 shots per
data point in 2 cm™" increments. The SEG spectra were nor-
malized by the product of the IR and visible pump beam
intensities. The incident angles of the visible and IR pump
beams inside the prism were 47° and 58° versus the surface
normal of the PS interface, respectively.

C. SFG spectra calculations

The spectral calculation is based on the formalism pub-
lished in Ref. 35. In short, we construct a one-exciton
Hamiltonian for the amide-I mode of the backbone amide
groups in the protein, with a single local-mode frequency
(i.e., assuming that, on average, all amide groups are hydrogen-
bonded equally) and couplings that are modeled differently
for nearest- and nonnearest-neighbor amide groups. The
nearest-neighbor interactions, dominated by through-bond
effects, are modeled using a parameterized map of an
ab initio calculation with the 6-31G+(d) basis set and the
B3LYP functional, which gives the coupling as a function of
the dihedral angle.**** The nonnearest-neighbor interactions,
dominated by through-space effects, are modeled using the
transition-dipole coupling model.*> The Hamiltonian is then
diagonalized to obtain the amide-I eigenvalues and eigenvec-
tors, from which the spectroscopic response is calculated. To
account for the azimuthal isotropy of the proteins at the inter-
face, we average the Euler angle ¢ [see Fig. 1(b)] from O to 2.
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Fic. 1. Molecular frame and experimental setup. (a) The axes are determined with the orient of protein orientation in the laboratory frame. (c) Experimental

setup for in situ SFG measurements of vVWF A1-PS binding.

Biointerphases, Vol. 13, No. 6, Nov/Dec 2018



06E411-3 Roeters et al.: Structure of von Willebrand factor A1 on polystyrene

We performed a grid search over the other two Euler angles, ©
and y, to find the minimum in the residual sum of squares
(RSS) between the calculated and experimental spectra in the
ssp and ppp polarization combinations (using a single, overall
scaling factor for both polarization combinations). In total, we
calculated ~10000 spectra for this, varying © from 0 to 180°
and y from 0 to 360°, both with a resolution of 2.5°. We then
performed a free fit in © and y near the RSS minimum to
obtain the optimal angles of Orl and Or2 (see Sec. III). We
model the local-field corrections as described in Ref. 46, for
which we have assumed the refractive index of bulk PS for
the layer above the interface, using the dispersion relation
reported in Ref. 47 (leading to n; sp=1.60, n; yis=1.60, and
n;r=1.56 at the employed frequencies of ~490, 532, and
~6000nm for the sum-frequency (SF), VIS, and IR fields,
respectively), the refractive index typical for bulk protein solu-
tions*® for the interfacial refractive indices (leading to n; =1.32
at all frequencies, because the dispersion is almost negligible
for proteins49), and the refractive index of bulk H,O (Ref. 50)
for the layer below the surface (leading to n,sr=1.34, n,,
vis= 1.34, and n, ;g = 1.27). An optimal match between calcu-
lations and experiment was found for a central frequency (the
gas phase frequency minus an overall frequency shift due to
hydrogen bonding) of 1651 cm™', which is in line with previ-
ous calculations using the same method,’’* and a Lorentzian
width of 6cm™, which is in line with the experimentally
determined linewidth of the IR beam.

lll. RESULTS

To determine the orientation of vVWF Al [Figs. 1(a) and
1(b)] on PS, we recorded SFG spectra from Al in sifu in
PBS buffer. A schematic of the sample cell is depicted in
Fig. 1(c). The PS—protein—buffer interface was probed going
through the backside of a CaF, prism. Experimental SFG
amide-I spectra collected in ssp (s-polarized SFG, s-polarized
VIS, p-polarized IR) and ppp polarization combinations are
shown in Fig. 2(a). Both ssp and ppp spectra are dominated
by a strong feature near 1640 cm™'. A shoulder near 1625
ecm™! is also visible in both spectra. These resonances are
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commonly assigned to B-sheet secondary structures. A weak
shoulder observed near 1650cm™" typically is related to
o-helical or random folds. Both secondary structure motifs
are present in the native Al domain (Fig. 1). If the B-sheet
and o-helical secondary structures were denatured on the
surface, no peaks would be observed in the SFG spectra.

Protein SFG spectra are heavily influenced by interference
between signals from different secondary-structure elements
and protein sidechains, based on their relative orientation
and energy. For small proteins and peptides, the direct analy-
sis of SFG amide-I spectra by peak fitting can provide infor-
mation about the orientation and structure.”~*>* However,
since the Al structure is complex, which leads to severe
spectral interference and convolution, it is not possible to
obtain unambiguous information about the protein conforma-
tion by direct spectral inspection and fitting. To solve this
problem and to make full use of the structural information
within the SFG spectra, we have developed a framework for
calculating theoretical SFG spectra from protein data bank
(PDB)*>*%** and molecular dynamics structure files.”’%!
Thus, spectra for this study were calculated from PDB
models. In addition, by calculating spectra for different
protein orientations with respect to the surface and matching
experimental and calculated spectra for different orientations,
one can determine the surface binding geometry.

Figure 2(a) shows theoretical SFG spectra calculated for
the crystal structure of vVWF A1l (PDB-entry 1AUQ) for a tilt
angle © =68° and a twist angle y=97° (orientation abbrevi-
ated Orl). Besides the overall intensity and orientation, no
adjustable parameters were used to match the calculated
spectra to the experimental data. The calculations match the
experimental spectral features very well [RSS<1.2; see
Fig. 2(b)], with a main resonance near 1640 cm™! along with
shoulders near 1625 and 1650 cm™". Importantly, the relative
intensities of ssp and ppp spectra match the experimental
data. The agreement of experimental and calculated spectra
clearly indicates that vWF Al maintains a folding structure
close to its native state when bound to PS.

The question arises how unique the spectral match is for
the set of tilt and twist angles. The orientation of the Al
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Fic. 2. Comparison of experimental and calculated SFG spectra. (a) Thin lines: Experimental spectra collected for ssp and ppp polarization combinations.
Thick lines: Spectra calculated from the XRD structure 1AUQ for a tilt angle of 68° and a twist angle of 97°. (b) RSS plot representative for the experimental
fitness of SFG spectra calculations for different sets of theta and phi angles of vWF at a polystyrene surface. The white area indicates the region where the RSS

values are larger than 2.4.
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FiG. 3. Orientations extracted from the raster search. (a) and (b) Orientations Orl and Or2 for vVWF Al on polystyrene surfaces for SFG spectra calculations
show significant spectral match with experimental spectra. Cysteine and tryptophan residues are marked in cyan and pink, respectively. (c) Orientation of the
GPIba binding domain in Orl (marked in red) with respect to the PS surface—see Fig. 1(c) for the sample geometry.

domain was therefore determined by a systematic grid search
using varied tilt and twist angles. The RSS values were
determined by comparing a total of ~10000 -calculated
spectra with the experimental spectra. The results of the
search are summarized in Fig. 2(b). The 2D plot shows two
regions with protein orientations that resulted in a significant
match between theory and experiment. Besides the orienta-
tion discussed above, there is a second region of orientations
with a similar experimental fitness around ©=112° and a
twist angle y=277° (abbreviated Or2). The orientations
Or1 and Or2 are shown in Figs. 3(a) and 3(b). Note that the
homodyne SFG signal for a given set of (O, y)-values equals
that of (180-6, 180+vy) for an azimuthal isotropy.
Therefore, the experimental SFG data are reproduced equally
well for Orl and Or2, while the orientations are dramatically
different. In fact, the GPIba binding domain [marked in red
in Fig. 3(c)] orients away from the PS surface in Orl while
it is oriented toward the PS surface in Or2. Thus, A1 GPIbo
binding domain in the Or2 orientation would not be accessi-
ble to GPIbo.

Previously reported ToF-SIMS analysis of the relative
positions of key amino acids can provide the additional infor-
mation needed to determine which of the two proposed sce-
narios from SFG represents the more likely binding
geometry. ToF-SIMS provides information about the pres-
ence of amino acids within the outermost ~2nm of an
adsorbed protein layer, which can be used to determine dif-
ferences in orientation or even conformation for rare or
asymmetrically distributed amino-acid sequence between
protein layers.’*> The relative location of the Cys residues
which stabilize the Al domain by connecting the N- and
C-termini is particularly helpful here. Tronic et al. have
shown that the Cys residues are less exposed on PS, i.e.,
closer to the PS surface, compared with hydrophilic surfaces.
At the same time, residue Trp1313 (of full-length vWF—
when counting from the first residue of the mature subunit as
in Ref. 13, this is residue Trp550) was more exposed, i.e.,
further away from the PS surface compared with the glass
surface. The respective Cys and Trp sites are marked in cyan
and pink, respectively, for the two candidate states Orl and
Or2 depicted in Figs. 3(a) and 3(b). Clearly, Orl, with the
Cys units closer to the PS surface than the Trp site, matches
the previously reported ToF-SIMS data. In this orientation,
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the GPIbo binding site (as determined with x-ray crystallog-
raphy'®) is pointing away from the PS surface where it is
exposed to the surrounding solution and can effectively
interact with the glycoprotein.

IV. CONCLUSIONS

The present study is an excellent example for the need to
combine multiple surface analytical techniques to provide a
more detailed understanding of a protein’s surface state. By
comparing experimental and calculated SFG spectra, we
have investigated the conformation and orientation of VWF
Al adsorbed onto PS. The SFG results clearly show that the
Al domain remains intact and binds in a native state to PS.
By combining SFG with previously reported ToF-SIMS
data, we can conclude that vVWF A1l orients with the GPIba
binding domain exposed to the solution and accessible for
platelet binding. This finding supports the hypothesis that
vWF mediates effective attachment of platelets to hydropho-
bic surfaces by the presentation of the intact GPIba binding
motif to platelet binding sites. Together, the results provide a
first molecular level picture of the secondary structure and
orientation of vVWF Al on surfaces.
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